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Abstract: Homoarginine has come into the focus of interest as a biomarker for cardiovascular
disease. Atrial fibrillation (AF) causes a substantial increase in morbidity and mortality. Whether
circulating homoarginine is associated with occurrence or persistence of AF and may serve as
a new predictive biomarker remains unknown. We measured plasma levels of homoarginine in the
population-based Gutenberg health study (3761 patients included, of them 51.7% males), mean age
55.6± 10.9 years-old. Associations between homoarginine and intermediate electrocardiographic and
echocardiographic phenotypes and manifest AF were examined. Patients with AF (124 patients, of
them 73.4% males) had a mean age 64.8 ± 8.6 years-old compared to a mean age of 55.3 ± 10.9 in the
population without AF (p-value < 0.001) and showed a less beneficial risk factor profile. The median
homoarginine levels in individuals with and without AF were 1.9 µmol/L (interquartile range (IQR)
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1.5–2.5) and 2.0 µmol/L (IQR 1.5–2.5), respectively, p = 0.56. In multivariable-adjusted regression
analyses homoarginine was not statistically significantly related to electrocardiographic variables.
Among echocardiographic variables beta per standard deviation increase was −0.12 (95% confidence
interval (CI) −0.23–(−0.02); p = 0.024) for left atrial area and −0.01 (95% CI −0.02–(−0.003);
p = 0.013) for E/A ratio. The odds ratio between homoarginine and AF was 0.91 (95% CI 0.70–1.16;
p = 0.45). In our large, population-based cross-sectional study, we did not find statistically significant
correlations between lower homoarginine levels and occurrence or persistence of AF or most standard
electrocardiographic phenotypes, but some moderate inverse associations with echocardiographic
left atrial size and E/A. Homoarginine may not represent a strong biomarker to identify individuals
at increased risk for AF. Further investigations will be needed to elucidate the role of homoarginine
and cardiac function.
Keywords: atrial fibrillation; biomarker; homoarginine; population-based cohort; diastolic disfunction
1. Introduction
Atrial fibrillation (AF) is the most frequently diagnosed arrhythmia. Its prevalence is increasing
due to a variety of suggested reasons such as the aging of the population, more intensive screening,
and improved treatment of cardiovascular diseases which lead to a longer survival with the
condition [1–3]. Lifetime risk of AF after reaching the 4th decade is about 25% [4]. Serious complications
of AF are thromboembolic events and development of heart failure [5,6]. Onset of AF is strongly
related to higher morbidity and mortality, even after accounting for comorbidities [7,8]. Exploration of
new biomarkers is an opportunity to better understand the disease process and possibly identify
individuals at increased risk for AF [9].
Although the exact mechanisms are not fully understood, the pathogenesis of AF seems to be
linked to oxidative stress and the nitric oxide (NO) pathway [10–12]. These observations are in line
with the measurement of low NO plasma levels in patients with persistent AF, which returned to
normal after electrical cardioversion [13,14].
Homoarginine is a nonproteinogenic amino acid, potentially involved in the NO pathway [15],
e.g., by acting as a weak substrate for the NO synthase, which generates NO of L-arginine [16].
It has come into the focus of interest as a biomarker for cardio- and cerebrovascular events [17–20].
In experimental studies it has been shown that homoarginine exhibits antihypertensive and
antithrombotic characteristics [21,22]. It is inversely correlated with subclinical cardiovascular changes
and incident disease [16,23,24] and has been suggested to be a novel biomarker for cardiovascular
disease risk [18].
The role of homoarginine in AF is less well established. First evidence from an acute coronary
syndrome cohort indicates that homoarginine concentrations are lower in individuals with AF [25].
In oesophagectomy patients, lower homoarginine was associated with postoperative AF [26].
These findings suggest a potential role of homoarginine in the pathogenesis of AF.
The lack of knowledge on the role of homoarginine in AF spurred our investigation
in the population-based Gutenberg health study, aiming to examine the association between
homoarginine levels, the prevalence of AF, electrocardiographic and echocardiographic indicators,
reflecting functional and structural cardiac changes in patients with this arrhythmia.
2. Materials and Methods
2.1. Study Participants
The present data are on the first 5000 consecutive individuals from a total number of
15,000 participants enrolled in the Gutenberg health study. The cohort comprises a population-based,
randomly selected sample of the area Mainz/Mainz-Bingen. The recruitment started in 2007 at the
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Department of Medicine 2, University Medical Centre Mainz. Study participants were enrolled within
10-year age strata from 35 to 74 years-old.
During clinical examination, data on cardiovascular risk factors were collected based on
anthropometry and a standardized computer-assisted interview. Smoking status was grouped
into the subcategories of non-smokers, such as never smokers and former smokers, and current
smokers. Hypertension was defined by an average systolic blood pressure of ≥140 mmHg in two
measurements and/or a diastolic blood pressure of ≥90 mmHg and/or anti-hypertensive drug
treatment. Dyslipidemia was defined as a low-density lipoprotein/high-density lipoprotein cholesterol
ratio of >3.5 and/or based on a physician’s diagnosis. Diabetes was diagnosed if the participant had
a fasting blood glucose value of ≥126 mg/dL (minimum fasting period: 8 h) or any blood glucose
concentration of ≥200 mg/dL measured on site and/or a physician diagnosis of diabetes was reported.
Prevalent coronary heart disease, self-reported myocardial infarction, stroke, and heart failure
were by participant history. Heart failure was verified by clinical aspects (New York Heart Association
classification, heart failure medications) and echocardiographic recordings (left ventricular ejection
fraction <55%).
For each study participant, a 12-lead electrocardiogram (ECG) (GE Cardiosoft®, GE Healthcare,
Solingen, Germany) was recorded. The ECG device automatically registered the QTc interval and
corrected it via the Bazett formula. The diagnosis of AF was based on AF reported in the medical
history and/or atrial fibrillation or atrial flutter registered on the study ECG. Atrial fibrillation was
evaluated by at least two doctors with cardiology training and experience in ECG interpretation.
In difficult cases, an electrophysiological specialist’s opinion was consulted. Thirty-one participants
could not be assigned to the AF or control group.
2.2. Biomarker Measurement
Plasma L-homoarginine was measured from ethylenediaminetetraacetic acid (EDTA) plasma
aliquots stored at −80 ◦C using electrospray ionization-liquid chromatography-mass spectrometry
with a high-throughput mass spectrometric assay. Briefly summarized, by adding 100 µL of internal
standard (2.5 µmol/L [13C6]-homoarginine) disbanded in methanol to 25 µL of EDTA plasma,
proteins were precipitated. The aliquots were centrifuged, vaporized, and afterwards translated
to their butyl ester derivatives applying butanolic 1N hydrochloric acid (HCl). After repeated
centrifugation, the eluates were dried and again dissolved in 100 µL of methanol:water (25:75)
containing 0.1% ammonium format. The plates were positioned in a CTC PAL autosampler (CTC
Analytics AG, Zwingen, Switzerland)) and 20 µL samples were injected. Further testing was performed
with the mass spectrometer system (Varian 1200 MS, Agilent Technologies, Santa Clara, CA, USA).
Lower threshold of quantification for homoarginine was set to be 0.01 µmol/L. Intra- and interassay
coefficients of variation were ≤7.5%. Creatinine was determined by routine laboratory method.
2.3. Statistical Methods
Participant characteristics were described by median values for continuous variables and
absolute and relative frequencies for binary variables. Differences in the homoarginine levels
between individuals with and without AF were tested using the Mann–Whitney (U) test. Kendall
rank correlations for homoarginine, electrocardiographic variables (PQ interval, P wave duration,
ventricular rate, QRS duration, QTc interval), echocardiographic variables (left atrial area, E/A, E/E’,
deceleration time, left ventricular ejection fraction, left ventricular mass) and AF were computed.
The association of homoarginine and the electrocardiographic and echocardiographic variables
were examined via median values and linear regression, with homoarginine as regressor. The models
were adjusted for (1) age and sex; (2) age, sex, body mass index (BMI), systolic blood pressure,
antihypertensive medication, diabetes, active smoking, family history of myocardial infarction,
dyslipidemia and heart failure, and creatinine. To further examine these associations in individuals
with and without AF, the model using the second set of adjusting variables but without creatinine was
expanded to include AF and an interaction between AF presence and homoarginine.
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Multivariable logistic regressions for AF were performed with homoarginine as regressor.
These models used the same three sets of adjusting variables used in the linear regressions and
additionally the variables in (2) without creatinine but with the addition of heart rate.
For further age- and sex-adjusted linear regression analyses, we divided the study sample into
the following subgroups:
1. Healthy controls with no cardiovascular risk factors (N = 689);
2. Individuals with at least one cardiovascular risk factor but without AF (N = 2943);
3. Participants with AF (N = 124).
3. Results
3.1. Baseline Data
In Table 1, the baseline characteristics for the total study sample and the AF group are presented.






(N = 124) p-Value
Age (years) 56.0 (46.0, 65.0) 55.0 (46.0, 64.0) 67.0 (60.0, 72.0) <0.001
Males, N (%) 1946 (51.7) 1836 (50.9) 91 (73.4) <0.001
Heart rate (bpm) 68.0 (61.5, 76.0) 68.0 (61.5, 75.5) 69.0 (59.5, 79.0) 0.72
(a) Cardiovascular risk factors and diseases
Body mass index (kg/m2) 26.6 (24.0, 29.8) 26.5 (23.9, 29.7) 28.2 (25.3, 32.3) <0.001
Active smoker, N (%) 693 (18.5) 675 (18.8) 13 (10.5) 0.027
Diabetes, N (%) 290 (7.7) 272 (7.5) 16 (12.9) 0.043
Dyslipidemia, N (%) 1059 (28.2) 1003 (27.8) 47 (36.7) 0.019
Family history of myocardial
infarction, number (%) 678 (18.0) 647 (17.9) 25 (20.2) 0.61
Hypertension, N (%) 1952 (51.9) 1846 (51.2) 87 (70.2) <0.001
Heart failure, N (%) 754 (20.1) 682 (19.0) 61 (49.2) <0.001
(b) Biomarkers
Homoarginine (µmol/L) 2.0 (1.5, 2.5) 2.0 (1.5, 2.5) 1.9 (1.5, 2.5) 0.56
Creatinine (mg/dL) 0.9 (0.8, 1.0) 0.9 (0.8, 1.0) 0.9 (0.8, 1.1) <0.001
For continuous variables, median (25th percentile, 75th percentile) are given, and for binary variables, absolute and
relative frequencies are provided. Bpm stands for beats per minute. The p-value given is for the Mann–Whitney (U)
test for continuous variables and the chi-squared test (χ2) for binary variables.
Electrocardiographic and echocardiographic variables are shown in Table 2.






(N = 124) p-Value
(a) Electrocardiographic variables
Ventricular heart rate (bpm) 61 (55, 67) 61 (55, 67) 65 (54, 77) <0.001
QRS duration (msec) 94 (88, 102) 94 (88, 102) 96 (92, 109) <0.001
QTc interval (msec) 420 (404, 435) 419 (404, 435) 430 (407, 450) <0.001
(b) Echocardiographic variables
Left atrial area (cm2) 18 (16, 21) 18 (16, 21) 23 (19, 28) <0.001
E/E’ 7.0 (5.8, 8.7) 7.0 (5.7, 8.7) 7.8 (6.4, 9.8) <0.001
Deceleration time (msec) 225 (194, 260) 225 (194, 260) 213 (173, 257) 0.0084
Left ventricular ejection fraction (%) 64. (60, 68) 64 (60, 68) 61 (57, 68) <0.001
Left ventricular mass (g) 153 (125, 185) 152 (123, 183) 202 (157, 241) <0.001
Left atrial area indexed by body
surface area (cm2/m2) 10 (9, 11) 10 (9, 11) 11 (10, 14) <0.001
For continuous variables, median (25th percentile, 75th percentile) are given, and for binary variables, absolute and
relative frequencies are provided. The p-value given is for the Mann–Whitney test for continuous variables and the
chi-squared test for binary variables.
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In patients with current sinus rhythm, the median PQ-interval was 158 ms and P wave duration
was 110 ms in the total sample as well as in patients with no atrial fibrillation. In the subgroup with
AF in history and current sinus rhythm (N = 74), the median PQ-interval was 168 ms (p-value = 0.0014)
and P wave duration was 118 ms (p-value < 0.001).
The E/A ratio amounted to 1.1 in the total sample and both subgroups (p-value = 0.47).
3.2. Homoarginine, Electrocardiographic and Echocardiographic Variables
As shown in Table 3, there were no strong and statistically significant associations between
plasma homoarginine and electrocardiographic variables (PQ interval, P wave duration, ventricular
rate, QRS duration, QTc interval) in multivariable-adjusted linear regression analyses. Several
echocardiographic variables were significantly related to homoarginine.
Table 3. Multivariable-adjusted linear regression analyses of homoarginine in relation to electrocardiographic
and echocardiographic variables in the total cohort.
Clinical Variables Beta (95% CI) Beta per SD (95% CI) p Value
PQ interval −0.24 (−1.14, 0.66) −0.20 (−0.96, 0.55) 0.6
P wave duration −0.38 (−0.86, 0.10) −0.32 (−0.72, 0.08) 0.12
Ventricular rate 0.30 (−0.09, 0.69) 0.25 (−0.08, 0.58) 0.14
QRS duration −0.10 (−0.60, 0.40) −0.08 (−0.50, 0.34) 0.7
QTc interval 0.35 (−0.53, 1.24) 0.30 (−0.45, 1.05) 0.43
Left atrial area −0.15 (−0.28, −0.02) −0.12 (−0.23, −0.02) 0.024
E/A −0.01 (−0.03, −0.003) −0.01 (−0.02, −0.003) 0.013
E/E’ 0.05 (−0.05, 0.15) 0.04 (−0.04, 0.12) 0.3
Deceleration time 0.76 (−1.24, 2.75) 0.64 (−1.05, 2.33) 0.46
Left ventricular ejection fraction 0.19 (−0.06, 0.44) 0.16 (−0.05, 0.37) 0.13
Left ventricular mass −1.44 (−2.88, 0.00) −1.21 (−2.43, 0.004) 0.051
CI: confidence interval; SD: Standard deviation.
Models with adjustment for age and sex, and with risk factor adjustment including creatinine are
provided in Supplementary Tables S1 and S2.
Analyses of homoarginine in relation to intermediate phenotypes in subgroups by AF status
did not show marked differences (Supplementary Table S3). No significant interactions by AF status
were observed.
3.3. Homoarginine and Atrial Fibrillation
In Figure 1, the data of multivariable-adjusted regression analysis for homoarginine in relation to
atrial fibrillation is shown.
Kendall rank correlations between homoarginine, electrocardiographic and echocardiographic
parameters, and atrial fibrillation are shown in Figure 2.
The linear regression analyses of the divided subgroups showed 0.1 higher homoarginine levels
in patients with at least one cardiovascular risk factor but without AF (CI 0.03–0.17; p-value = 0.073)
compared to healthy controls. Participants with AF presented 0.06 higher homoarginine levels (CI
−0.10–0.22; p-value = 0.47).
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Figure 1. Multivariable-adjusted odd ratios for homoarginine per standard deviation increase in 
relation to atrial fibrillation (AF). Models: 1. Age- and sex-adjusted; 2. Risk factor-adjusted model 
including age, sex, body mass index, systolic blood pressure, antihypertensive medication, diabetes, 
active smoking, history of myocardial infarction, dyslipidemia, heart failure, and log creatinine; 3. 
Risk factor-adjusted model including age, sex, body mass index, systolic blood pressure, 
antihypertensive medication, diabetes, active smoking, history of myocardial infarction, 
dyslipidemia, heart failure, and heart rate. OR stands for odd ratios; CI for confidence interval. 
 
Figure 2. Kendall rank correlations between homoarginine, electrocardiographic and echocardiographic 
parameters, and atrial fibrillation (AF). 
Figure 1. Multivariable-adjusted odd ratios for homoarginine per standard deviation increase
in relation to atrial fibrillation (AF). Models: 1. Age- and sex-adjusted; 2. Risk factor-adjusted
model including age, sex, body mass index, systolic blood pressure, antihypertensive medication,
diabetes, active smoking, history of myocardial infarction, dyslipidem a, heart fail re, and log
creatinine; 3. Risk factor-adjusted model including age, sex, body mass index, systolic blood pressure,
antihypertensive medication, diabetes, active smoking, history of myocardial infarction, dyslipidemia,
heart failure, and heart rate. OR stands for odd ratios; CI for confidence interval.
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Figure 2. Kendall rank correlations between homoarginine, electrocardiographic and echocardiographic
parameters, and atrial fibrillation (AF).
4. Discussion
In our population-based cohort we can demonstrate an association of plasma homoarginine
levels with left atrial size and diastolic mitral valve flow. No statistically significant relations with
electrocardiographic variables or AF itself could be shown.
Biomolecules 2018, 8, 86 7 of 12
4.1. Homoarginine and Electrocardiographic and Echocardiographic Variables
We hypothesized that homoarginine may be related to electrocardiographic and echocardiographic
parameters of atrial and ventricular conduction. In our population-based study, however, ventricular
rate and QTc lost statistical significance of the association after careful adjustment for cardiovascular
risk factors. The initial association of homoarginine with electrocardiographic variables may have been
driven by cardiovascular risk factors and disappeared after they entered the equation. These findings
are inconsistent with a previous study in chest pain unit patients which demonstrated an association
between homoarginine, ventricular rate, and QTc [25].
In our study, homoarginine showed statistically significant associations with echocardiographic
variables of left atrial size and the E/A ratio although they were weak. We also observed a relation of
homoarginine and left ventricular mass. All three variables have been related to cardiovascular risk
and AF [27–34].
Left atrial size as an indicator of left atrial remodeling and diastolic dysfunction is a strong
indicator of cardiovascular morbidity and AF [27–31]. Furthermore, E/A ratio is also known as
a marker for diastolic dysfunction [32]. Therefore, our findings indicate that homoarginine could
be an additional marker for diastolic dysfunction in the general population. Our observations are
consistent with a previous study in a subgroup of high risk individuals for diastolic heart failure that
showed a statistically significant association of homoarginine with echocardiographically determined
diastolic function and N-terminal pro B-type natriuretic peptide [35].
Similarly, lower plasma homoarginine was also related to ventricular mass in the study
participants [35]. An elevated left ventricular mass expresses left ventricular hypertrophy,
which is a well-known prognostic factor of cardiovascular morbidity and mortality [33,34].
Therefore, our findings, although they reached only borderline significance, are in line with the results
of Drechsler et al. who could demonstrate a strong correlation of low homoarginine concentrations
with prevalence of left ventricular hypertrophy as well as congestive heart failure and high levels of
brain natriuretic peptide in patients with diabetes under haemodialysis [36].
Atzler et al. described that a four-week dietary supplementation with homoarginine led to
significant positive effects on left ventricular contractility and diastolic function [37]. Our data cannot
confirm the previous findings of an association of homoarginine levels and left ventricular ejection
fraction [20]. Overall, the associations with echocardiographic variables of left ventricular structure
and diastolic function are in line with recent publications that support low homoarginine as a marker
for mortality and cardiovascular disease, in particular heart failure [16,18,20,36]. Due to the lack of
a strong association between homoarginine and left ventricular ejection fraction, our results suggest
a more specific relation with diastolic heart failure and normal ejection fraction which must be proven
in functional studies.
4.2. Homoarginine and Atrial Fibrillation
Our findings suggest that there is no strong clinical association of homoarginine with AF that
would render it suitable as a novel biomarker for AF. Whether it is useful to improve our understanding
of the pathophysiology of AF cannot be shown by our data.
Oxidative stress measured by reactive oxidative metabolites is correlated with cardiac conduction
disturbances [38]. Nitric oxide (NO) is central for cardiovascular homeostasis and autonomic
control [39,40] and has been reported to be related to heart rate [41,42]. Although recent studies
suggested that arginase inhibition is unlikely to play a significant role in the reported cardio-protective
effects of homoarginine [43], it has been shown that the imbalance of beneficial L-arginine derivatives
such as asymmetric dimethylarginine and homoarginine results in oxidative and nitrosative stress [44].
Endothelial function and asymmetric dimethylarginine induced oxidative stress have been
reported in context with new onset AF in acute myocardial infarction [44]. It has also been shown that
prevalent and incident AF are associated with increased oxidative stress levels, which was measured
by the redox potentials of glutathione [45]. Xie et al. showed an increasing prevalence of AF with
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higher oxidative stress levels and identified a link between oxidative stress and aberrant intracellular
Ca2+ release via the type 2 ryanodine receptor (RyR2). In this study genetic inhibition of mitochondrial
reactive oxygen species production and pharmacological treatment of RyR2 leakage prevented AF [46].
In contrast, recent research tested the effect of an oral anti-oxidant treatment (α-lipoic acid) on AF
recurrence in patients after catheter ablation. In this investigation, α-lipoic acid therapy reduced only
serum levels of common markers of oxidative stress but did not prevent AF recurrence after an ablative
treatment [47].
In addition, cardiac remodeling also seems to have a role in the development of AF and vice versa.
This is supported by a study which showed a prevention of new-onset atrial fibrillation in patients with
non-ischemic dilated cardiomyopathy and a positive response to cardiac resynchronization therapy
due to less reverse left ventricular remodeling [48,49].
Despite the role of homoarginine in the NO pathway, there does not appear to be a clinically
relevant association of circulating homoarginine with AF in individuals from the general population.
These findings are in line with recent studies that demonstrated that other biomarkers of oxidative
stress such as glutathione-peroxidase-1, myeloperoxidase, and asymmetric dimethylarginine were not
associated strongly with prevalent AF after adjustment for cardiovascular risk factors [50,51].
The results in ambulatory individuals from the community could not validate previous
observational studies, which reported an association between low homoarginine levels and AF
prevalence. In acute chest pain patients, homoarginine was correlated with biomarkers of myocardial
stress such as B-type natriuretic peptide and coronary ischemia including high sensitivity measured
troponin I [25]. Homoarginine was measured lower in individuals with AF and was predictive of
adverse outcomes. In a study in oesophagectomy patients, homoarginine was related to postoperative
AF [26]. These cohorts comprised patients of high cardiovascular risk and were characterized by
acute states of inflammation and cardiac stress, which may explain the clear association observed in a
different setting. The association of homoarginine to AF in the previous findings may also be mediated
by an enlarged left atrium, which increases the risk of AF occurrence, recurrence, and persistence.
We also showed that individuals with a high burden of cardiovascular risk factors tended to
have higher homoarginine levels. This matches previous findings where homoarginine was related to
smoking, hypertension, and metabolic disease as well as multiple cardiovascular diseases [17,18,52].
In our research, despite the higher prevalence of cardiovascular risk factors in the AF group,
we could not verify the thesis of other literature, which indicated lower homoarginine levels in patients
with cardiovascular disease. This may be due to the low sample size of participants with AF in
our study or due to better treatment of cardiovascular risk factors in patients with diagnosed AF.
To investigate this paradox, further research will be needed.
However, our findings suggest that homoarginine might be relevant in patients with left
ventricular hypertrophy and atrial fibrillation. For further investigation of the pathophysiological
aspects of AF and a potential targeted therapeutic approach, additional research is needed.
4.3. Limitations and Strengths
In our study we present data on prevalent AF which may dilute temporal relations and results
may be affected by reverse causation. The number of cases was comparatively low and may have
limited our power. The confidence intervals are wide, respectively. However, strong, clinically relevant
associations of homoarginine and AF should have been detected. Since our study lacks long-term
monitoring for AF we may have missed paroxysmal, asymptomatic cases. This misclassification may
have biased our results towards the null.
The assessment of diastolic function was limited by the lack of availability of echocardiographic
markers to properly classify diastolic impairment. In particular, the use of continuous variables such
as E/A does not provide the full picture of diastolic performance. Results should be interpreted
with caution.
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Random variation may have affected our results. Furthermore, we cannot exclude residual
confounding that may have masked associations despite rigorous adjustment for possibly
relevant covariates.
Nevertheless, we present results in a contemporary, well-defined population-based sample with
interdisciplinary case adjudication and standardized assessment of clinical variables. Our data may
thus guide future research.
5. Conclusions
In summary, we could not identify statistically significant correlations between homoarginine
levels and AF nor with most electrocardiographic phenotypes. Homoarginine may not represent
a strong biomarker to identify individuals at increased risk for AF. However, we found associations
between homoarginine and echocardiographic intermediate phenotypes. Further investigations will
be needed to elucidate the role of homoarginine and cardiac function.
Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/8/3/86/s1,
Table S1: Linear regression analyses for homoarginine in relation to electrocardiographic, and echocardiographic
variables in the total cohort, adjusted for age and sex, Table S2: Multivariable-adjusted linear regression analyses
of homoarginine in relation to electrocardiographic, and echocardiographic variables in the total cohort, adjusted
for cardiovascular risk factors and creatinine, Table S3: Multivariable-adjusted linear regression analyses of
homoarginine in relation to electrocardiographic and echocardiographic variables including the interaction of
homoarginine with AF status [53].
Author Contributions: Conceptualization, C.N., D.A., T.M., A.L. and P.S.W.; Data curation, C.N., F.M.O. and
T.Z.; Formal analysis, F.M.O.; Funding acquisition, S.B., P.S.W. and E.S.; Methodology, C.N., D.A., C.R.S., K.J.L.,
R.H.B., T.M., M.E.B., I.S., N.P., A.L., S.B., P.S.W., T.Z., E.S. and R.B.S.; Project administration, T.M. and R.B.S.;
Resources, D.A., K.J.L., R.H.B., T.Z. and E.S.; Supervision, D.A., T.M., P.S.W. and R.B.S.; Visualization, F.M.O.;
Writing—original draft, C.N.; Writing—review & editing, D.A., C.R.S., K.J.L., R.H.B., M.E.B., I.S., N.P., A.L., S.B.
and R.B.S.
Funding: The Gutenberg health study is funded through the government of Rhineland-Palatinate
(Stiftung Rheinland-Pfalz für Innovation, contract AZ 961-386261/733), the research programs “Wissen schafft
Zukunft” and “Center for Translational Vascular Biology (CTVB)” of the Johannes Gutenberg-University of Mainz,
and its contract with Boehringer Ingelheim and PHILIPS Medical Systems, including an unrestricted grant for
the Gutenberg health study. Philipp S. Wild is funded by the Federal Ministry of Education and Research (BMBF
01EO1503) and he is principal investigator (PI) of the German Center for Cardiovascular Research (DZHK).
This work was funded by LMU Munichss Institutional Strategy LMUexcellent within the framework of the
German Excellence Initiative (DA). This project has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation programme (grant agreement No 648131)
(RBS) and German Research Foundation Emmy Noether Programme (SCHN 1149/3-1) (RBS). This work was
performed in the context of the Junior Research Alliance symAtrial project funded by the German Ministry of
Research and Education (BMBF 01ZX1408A) e:Med—Systems Medicine program (RBS, TZ).
Acknowledgments: We thank all study participants for their willingness to provide data for this research project
and we are indebted to all coworkers for their enthusiastic commitment.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Miyasaka, Y.; Barnes, M.E.; Gersh, B.J.; Cha, S.S.; Bailey, K.R.; Abhayaratna, W.P.; Seward, J.B.; Tsang, T.S.
Secular Trends in Incidence of Atrial Fibrillation in Olmsted county, Minnesota, 1980 to 2000, and Implications
on the Projections for Future Prevalence. Circulation 2006, 114, 119–125. [CrossRef] [PubMed]
2. Go, A.S.; Hylek, E.M.; Phillips, K.A.; Chang, Y.; Henault, L.E.; Selby, J.V.; Singer, D.E. Prevalence of Diagnosed
Atrial Fibrillation in Adults: National Implications for Rhythm Management and Stroke prevention:
The AnTicoagulation and Risk Factors In Atrial Fibrillation (ATRIA) Study. JAMA 2001, 285, 2370–2375.
[CrossRef] [PubMed]
3. Stefansdottir, H.; Aspelund, T.; Gudnason, V.; Arnar, D.O. Trends in the incidence and prevalence of atrial
fibrillation in Iceland and future projections. Europace 2011, 13, 1110–1117. [CrossRef] [PubMed]
Biomolecules 2018, 8, 86 10 of 12
4. Lloyd-Jones, D.M.; Wang, T.J.; Leip, E.P.; Larson, M.G.; Levy, D.; Vasan, R.S.; D’Agostino, R.B.; Massaro, J.M.;
Beiser, A.; Wolf, P.A.; et al. Lifetime Risk for Development of Atrial Fibrillation: The Framingham Heart
Study. Circulation 2004, 110, 1042–1046. [CrossRef] [PubMed]
5. Wang, T.J.; Larson, M.G.; Levy, D.; Vasan, R.S.; Leip, E.P.; Wolf, P.A.; D’Agostino, R.B.; Murabito, J.M.;
Kannel, W.B.; Benjamin, E.J. Temporal relations of Atrial Fibrillation and Congestive Heart Failure and Their
Joint Influence on Mortality: The Framingham Heart Study. Circulation 2003, 107, 2920–2925. [CrossRef]
[PubMed]
6. Shinbane, J.S.; Wood, M.A.; Jensen, D.N.; Ellenbogen, K.A.; Fitzpatrick, A.P.; Scheinman, M.M.
Tachycardia-Induced Cardiomyopathy: A Review of Animal Models and Clinical Studies. J. Am. Coll.
Cardiol. 1997, 29, 709–715. [CrossRef]
7. Benjamin, E.J.; Wolf, P.A.; D’Agostino, R.B.; Silbershatz, H.; Kannel, W.B.; Levy, D. Impact of atrial fibrillation
on the risk of death: The Framingham Heart Study. Circulation 1998, 98, 946–952. [CrossRef] [PubMed]
8. Miyasaka, Y.; Barnes, M.E.; Gersh, B.J.; Cha, S.S.; Bailey, K.R.; Seward, J.B.; Iwasaka, T.; Tsang, T.S. Coronary
Ischemic Events after First Atrial Fibrillation: Risk and Survival. Am. J. Med. 2007, 120, 357–363. [CrossRef]
[PubMed]
9. Ringborg, A.; Nieuwlaat, R.; Lindgren, P.; Jonsson, B.; Fidan, D.; Maggioni, A.P.; Lopez-Sendon, J.;
Stepinska, J.; Cokkinos, D.V.; Crijns, H.J. Costs of atrial fibrillation in five European countries: Results
from the Euro Heart Survey on atrial fibrillation. Europace 2008, 10, 403–411. [CrossRef] [PubMed]
10. Korantzopoulos, P.; Kolettis, T.M.; Galaris, D.; Goudevenos, J.A. The role of oxidative stress in the
pathogenesis and perpetuation of atrial fibrillation. Int. J. Cardiol. 2007, 115, 135–143. [CrossRef] [PubMed]
11. Cai, H.; Li, Z.; Goette, A.; Mera, F.; Honeycutt, C.; Feterik, K.; Wilcox, J.N.; Dudley, S.C., Jr.; Harrison, D.G.;
Langberg, J.J. Downregulation of Endocardial Nitric Oxide Synthase Expression and Nitric Oxide Production in
Atrial Fibrillation: Potential Mechanisms for Atrial Thrombosis and Stroke. Circulation 2002, 106, 2854–2858.
[CrossRef] [PubMed]
12. Ramuschkat, M.; Appelbaum, S.; Atzler, D.; Zeller, T.; Bauer, C.; Ojeda, F.M.; Sinning, C.R.; Hoffmann, B.;
Lackner, K.J.; Boger, R.H.; et al. ADMA, subclinical changes and atrial fibrillation in the general population.
Int. J. Cardiol. 2016, 203, 640–646. [CrossRef] [PubMed]
13. Minamino, T.; Kitakaze, M.; Sato, H.; Asanuma, H.; Funaya, H.; Koretsune, Y.; Hori, M. Plasma Levels of
Nitrite/Nitrate and Platelet cGMP Levels Are Decreased in Patients with Atrial Fibrillation. Arterioscler.
Thromb. Vasc. Biol. 1997, 17, 3191–3195. [CrossRef] [PubMed]
14. Nikitovic, D.; Zacharis, E.A.; Manios, E.G.; Malliaraki, N.E.; Kanoupakis, E.M.; Sfiridaki, K.I.; Skalidis, E.I.;
Margioris, A.N.; Vardas, P.E. Plasma Levels of Nitrites/Nitrates in Patients with Chronic Atrial Fibrillation
are Increased after Electrical Restoration of Sinus Rhythm. J. Interv. Card. Electrophysiol. 2002, 7, 171–176.
[CrossRef] [PubMed]
15. Bretscher, L.E.; Li, H.; Poulos, T.L.; Griffith, O.W. Structural Characterization and Kinetics of
Nitric-Oxide Synthase Inhibition by novel N5-(Iminoalkyl)- and N5-(Iminoalkenyl)-ornithines. J. Biol. Chem.
2003, 278, 46789–46797. [CrossRef] [PubMed]
16. Atzler, D.; Gore, M.O.; Ayers, C.R.; Choe, C.U.; Boger, R.H.; de Lemos, J.A.; McGuire, D.K.; Schwedhelm, E.
Homoarginine and Cardiovascular Outcome in the Population-Based Dallas Heart Study. Arterioscler. Thromb.
Vasc. Biol. 2014, 34, 2501–2507. [CrossRef] [PubMed]
17. Atzler, D.; Schwedhelm, E.; Choe, C.U. L-Homoarginine and cardiovascular disease. Curr. Opin. Clin. Nutr.
Metab. Care 2015, 18, 83–88. [CrossRef] [PubMed]
18. Marz, W.; Meinitzer, A.; Drechsler, C.; Pilz, S.; Krane, V.; Kleber, M.E.; Fischer, J.; Winkelmann, B.R.;
Bohm, B.O.; Ritz, E.; et al. Homoarginine, Cardiovascular Risk, and Mortality. Circulation 2010, 122, 967–975.
[CrossRef] [PubMed]
19. Pilz, S.; Meinitzer, A.; Gaksch, M.; Grubler, M.; Verheyen, N.; Drechsler, C.; Hartaigh, B.O.; Lang, F.;
Alesutan, I.; Voelkl, J.; et al. Homoarginine in the renal and cardiovascular systems. Amino Acids
2015, 47, 1703–1713. [CrossRef] [PubMed]
20. Pilz, S.; Meinitzer, A.; Tomaschitz, A.; Drechsler, C.; Ritz, E.; Krane, V.; Wanner, C.; Boehm, B.O.; Marz, W.
Low homoarginine concentration is a novel risk factor for heart disease. Heart 2011, 97, 1222–1227. [CrossRef]
[PubMed]
21. Thomas, G.; Myers, A.; Farhat, M.; Cathapermal, S.; Ramwell, P.W. Effect of N-substituted arginine
compounds on blood pressure in anesthetized rats. J. Pharmacol. Exp. Ther. 1992, 261, 875–878. [PubMed]
Biomolecules 2018, 8, 86 11 of 12
22. Radomski, M.W.; Palmer, R.M.; Moncada, S. An L-arginine/nitric oxide pathway present in human platelets
regulates aggregation. Proc. Natl. Acad. Sci. USA 1990, 87, 5193–5197. [CrossRef] [PubMed]
23. Seppala, I.; Oksala, N.; Jula, A.; Kangas, A.J.; Soininen, P.; Hutri-Kahonen, N.; Marz, W.; Meinitzer, A.;
Juonala, M.; Kahonen, M.; et al. The biomarker and causal roles of homoarginine in the development of
cardiometabolic diseases: An observational and Mendelian randomization analysis. Sci. Rep. 2017, 7, 1130.
[CrossRef] [PubMed]
24. Haghikia, A.; Yanchev, G.R.; Kayacelebi, A.A.; Hanff, E.; Bledau, N.; Widera, C.; Sonnenschein, K.;
Haghikia, A.; Weissenborn, K.; Bauersachs, J.; et al. The role of L-arginine/L-homoarginine/nitric
oxide pathway for aortic distensibility and intima-media thickness in stroke patients. Amino Acids
2017, 49, 1111–1121. [CrossRef] [PubMed]
25. Atzler, D.; Baum, C.; Ojeda, F.; Keller, T.; Cordts, K.; Schnabel, R.B.; Choe, C.U.; Lackner, K.J.; Munzel, T.;
Boger, R.H.; et al. Low Homoarginine Levels in the Prognosis of Patients with Acute Chest Pain. J. Am. Heart
Assoc. 2016, 5, e002565. [CrossRef] [PubMed]
26. Tober, K.M.L.; Runcie, A.; Willox, L.; Talwar, D.; Kinsella, J.; Quasim, T. Asymmetric dimethylarginine,
homoarginine levels and atrial fibrillation in oesophagectomy patients. Crit. Care Med. 2013. [CrossRef]
27. Barnes, M.E.; Miyasaka, Y.; Seward, J.B.; Gersh, B.J.; Rosales, A.G.; Bailey, K.R.; Petty, G.W.; Wiebers, D.O.;
Tsang, T.S. Left Atrial Volume in the Prediction of First Ischemic Stroke in an Elderly Cohort without Atrial
Fibrillation. Mayo Clin. Proc. 2004, 79, 1008–1014. [CrossRef] [PubMed]
28. Moller, J.E.; Hillis, G.S.; Oh, J.K.; Seward, J.B.; Reeder, G.S.; Wright, R.S.; Park, S.W.; Bailey, K.R.; Pellikka, P.A.
Left Atrial Volume: A Powerful Predictor of Survival after Acute Myocardial Infarction. Circulation
2003, 107, 2207–2212. [CrossRef] [PubMed]
29. Osranek, M.; Bursi, F.; Bailey, K.R.; Grossardt, B.R.; Brown, R.D., Jr.; Kopecky, S.L.; Tsang, T.S.; Seward, J.B.
Left atrial volume predicts cardiovascular events in patients originally diagnosed with lone atrial fibrillation:
three-decade follow-up. Eur. Heart J. 2005, 26, 2556–2561. [CrossRef] [PubMed]
30. Tsang, T.S.; Barnes, M.E.; Bailey, K.R.; Leibson, C.L.; Montgomery, S.C.; Takemoto, Y.; Diamond, P.M.;
Marra, M.A.; Gersh, B.J.; Wiebers, D.O.; et al. Left atrial volume: important risk marker of incident atrial
fibrillation in 1655 older men and women. Mayo Clin. Proc. 2001, 76, 467–475. [CrossRef] [PubMed]
31. Tsang, T.S.; Barnes, M.E.; Gersh, B.J.; Takemoto, Y.; Rosales, A.G.; Bailey, K.R.; Seward, J.B. Prediction
of risk for first age-related cardiovascular events in an elderly population: the incremental value of
echocardiography. J. Am. Coll. Cardiol. 2003, 42, 1199–1205. [CrossRef]
32. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.; Coats, A.J.; Falk, V.; Gonzalez-Juanatey, J.R.;
Harjola, V.P.; Jankowska, E.A.; et al. 2016 ESC guidelines for the diagnosis and treatment of acute and
chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of
the European Society of Cardiology (ESC) Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [PubMed]
33. Levy, D.; Garrison, R.J.; Savage, D.D.; Kannel, W.B.; Castelli, W.P. Prognostic Implications of
Echocardiographically Determined Left Ventricular Mass in the Framingham Heart Study. N. Engl. J. Med.
1990, 322, 1561–1566. [CrossRef] [PubMed]
34. Swamy, R.S.; Lang, R.M. Echocardiographic Quantification of Left Ventricular Mass: Prognostic Implications.
Curr. Cardiol. Rep. 2010, 12, 277–282. [CrossRef] [PubMed]
35. Pilz, S.; Edelmann, F.; Meinitzer, A.; Gelbrich, G.; Doner, U.; Dungen, H.D.; Tomaschitz, A.; Kienreich, K.;
Gaksch, M.; Duvinage, A.; et al. Associations of Methylarginines and Homoarginine with Diastolic
Dysfunction and Cardiovascular Risk Factors in Patients with Preserved Left Ventricular EjectionFfraction.
J. Card. Fail. 2014, 20, 923–930. [CrossRef] [PubMed]
36. Drechsler, C.; Meinitzer, A.; Pilz, S.; Krane, V.; Tomaschitz, A.; Ritz, E.; Marz, W.; Wanner, C. Homoarginine,
heart failure, and sudden cardiac death in haemodialysis patients. Eur. J. Heart Fail. 2011, 13, 852–859.
[CrossRef] [PubMed]
37. Atzler, D.; McAndrew, D.J.; Cordts, K.; Schneider, J.E.; Zervou, S.; Schwedhelm, E.; Neubauer, S.;
Lygate, C.A. Dietary Supplementation with Homoarginine Preserves Cardiac Function in a Murine Model of
Post-Myocardial Infarction Heart Failure. Circulation 2017, 135, 400–402. [CrossRef] [PubMed]
38. Shimano, M.; Shibata, R.; Inden, Y.; Yoshida, N.; Uchikawa, T.; Tsuji, Y.; Murohara, T. Reactive oxidative
metabolites are associated with atrial conduction disturbance in patients with atrial fibrillation. Heart Rhythm
2009, 6, 935–940. [CrossRef] [PubMed]
Biomolecules 2018, 8, 86 12 of 12
39. Barouch, L.A.; Harrison, R.W.; Skaf, M.W.; Rosas, G.O.; Cappola, T.P.; Kobeissi, Z.A.; Hobai, I.A.;
Lemmon, C.A.; Burnett, A.L.; O’Rourke, B.; et al. Nitric oxide regulates the heart by spatial confinement of
nitric oxide synthase isoforms. Nature 2002, 416, 337–339. [CrossRef] [PubMed]
40. Vallance, P.; Leone, A.; Calver, A.; Collier, J.; Moncada, S. Accumulation of an endogenous inhibitor of nitric
oxide synthesis in chronic renal failure. Lancet 1992, 339, 572–575. [PubMed]
41. Chowdhary, S.; Vaile, J.C.; Fletcher, J.; Ross, H.F.; Coote, J.H.; Townend, J.N. Nitric Oxide and Cardiac
Autonomic Control in Humans. Hypertension 2000, 36, 264–269. [CrossRef] [PubMed]
42. Gamboa, A.; Okamoto, L.E.; Raj, S.R.; Diedrich, A.; Shibao, C.A.; Robertson, D.; Biaggioni, I. Nitric Oxide and
Regulation of Heart Rate in Patients with Postural Tachycardia Syndrome and Healthy Subjects. Hypertension
2013, 61, 376–381. [CrossRef] [PubMed]
43. Tommasi, S.; Elliot, D.J.; Da Boit, M.; Gray, S.R.; Lewis, B.C.; Mangoni, A.A. Homoarginine and inhibition of
human arginase activity: Kinetic characterization and biological relevance. Sci. Rep. 2018, 8, 3697. [CrossRef]
[PubMed]
44. Stamboul, K.; Lorin, J.; Lorgis, L.; Guenancia, C.; Beer, J.C.; Touzery, C.; Rochette, L.; Vergely, C.; Cottin, Y.;
Zeller, M. Atrial Fibrillation Is Associated with a Marker of Endothelial Function and Oxidative Stress in
Patients with Acute Myocardial Infarction. PLoS ONE 2015, 10, e0131439. [CrossRef] [PubMed]
45. Samman Tahhan, A.; Sandesara, P.B.; Hayek, S.S.; Alkhoder, A.; Chivukula, K.; Hammadah, M.;
Mohamed-Kelli, H.; O’Neal, W.T.; Topel, M.; Ghasemzadeh, N.; et al. Association between oxidative
stress and atrial fibrillation. Heart Rhythm 2017, 14, 1849–1855. [CrossRef] [PubMed]
46. Xie, W.; Santulli, G.; Reiken, S.R.; Yuan, Q.; Osborne, B.W.; Chen, B.X.; Marks, A.R. Mitochondrial oxidative
stress promotes atrial fibrillation. Sci. Rep. 2015, 5, 11427. [CrossRef] [PubMed]
47. Sardu, C.; Santulli, G.; Santamaria, M.; Barbieri, M.; Sacra, C.; Paolisso, P.; D’Amico, F.; Testa, N.; Caporaso, I.;
Paolisso, G.; et al. Effects of Alpha Lipoic Acid on Multiple Cytokines and Biomarkers and Recurrence
of Atrial Fibrillation within 1 Year of Catheter Ablation. Am. J. Cardiol. 2017, 119, 1382–1386. [CrossRef]
[PubMed]
48. D’Ascia, S.L.; D’Ascia, C.; Marino, V.; Lombardi, A.; Santulli, R.; Chiariello, M.; Santulli, G. Cardiac
resynchronisation therapy response predicts occurrence of atrial fibrillation in non-ischaemic dilated
cardiomyopathy. Int. J. Clin. Pract. 2011, 65, 1149–1155. [CrossRef] [PubMed]
49. Santulli, G.; D’Ascia, S.L.; D’Ascia, C. Development of Atrial Fibrillation in Recipients of Cardiac
Resynchronization Therapy: The Role of Atrial Reverse Remodelling. Can. J. Cardiol. 2012, 28, 245.
[CrossRef] [PubMed]
50. Schnabel, R.B.; Larson, M.G.; Yamamoto, J.F.; Sullivan, L.M.; Pencina, M.J.; Meigs, J.B.; Tofler, G.H.; Selhub, J.;
Jacques, P.F.; Wolf, P.A.; et al. Relations of Biomarkers of Distinct Pathophysiological Pathways and Atrial
Fibrillation Incidence in the Community. Circulation 2010, 121, 200–207. [CrossRef] [PubMed]
51. Schnabel, R.B.; Wild, P.S.; Wilde, S.; Ojeda, F.M.; Schulz, A.; Zeller, T.; Sinning, C.R.; Kunde, J.; Lackner, K.J.;
Munzel, T.; et al. Multiple biomarkers and atrial fibrillation in the general population. PLoS ONE 2014, 9, e112486.
[CrossRef] [PubMed]
52. Faller, K.M.E.; Atzler, D.; McAndrew, D.J.; Zervou, S.; Whittington, H.J.; Simon, J.N.; Aksentijevic, D.;
Ten Hove, M.; Choe, C.U.; Isbrandt, D.; et al. Impaired cardiac contractile function in arginine:glycine
amidinotransferase knockout mice devoid of creatine is rescued by homoarginine but not creatine.
Cardiovasc. Res. 2018, 114, 417–430. [CrossRef] [PubMed]
53. Figueiras, A.; Domenech-Massons, J.M.; Cadarso, C. Regression models: Calculating the confidence interval
of effects in the presence of interactions. Stat. Med. 1998, 17, 2099–2105. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
